Abstract: For improved performance of epoxy, its composites were studied for high-voltage insulation. Epoxy composites may offer several advantages over neat epoxy and ceramic materials. We fabricated nano-and microepoxy/silica composites with 5 wt% nanosilica and 20 wt% microsilica, respectively. The composites and neat epoxy were studied for thermal, mechanical, and electrical properties. A thermogravimetric analyzer was used for analyzing wt% loss with temperature. Tensile and hardness tests were performed according to DIN 53504/ASTM D412 and DIN 53505/ASTM D2240 standards, respectively. Electrical properties such as dielectric strength and resistivity were tested according to IEC-60243-1 and ASTM D257/IEC 60093 standards, respectively. Neat epoxy, microcomposite, and nanocomposite showed 50% weight loss at 392°C, 410°C, and 421°C, respectively. At 550°C, nanocomposite remained at 20% of its initial weight whereas neat epoxy and microcomposite remained at 10% of their initial weights. Microcomposite and nanocomposite showed tensile strengths of 65.7 Mpa and 69.3 Mpa, respectively. Enhancements of 8% and 19% in dielectric strength were recorded for microcomposites and nanocomposites, respectively. Nanosilica greatly improved surface and volume resistivity whereas microsilica showed negligible effect on resistivity.
Introduction
Epoxy was introduced in electrical power systems as firstgeneration polymeric insulators. However, they failed shortly due to problems in design and construction. Not only has the construction of polymeric insulators improved in the last few decades but many new methods have also evolved to increase their aging resistance [1] [2] [3] [4] [5] [6] [7] [8] . Many credible works have been achieved on the enhancement of the properties of epoxy, such as developing its blends and composites. Composites introduced a new solution for the improvement of polymers' performance without affecting their composition and preparation techniques [9] [10] [11] [12] [13] [14] .
The characterization of epoxy composites by using different nanoparticles and microparticles has been reported by several authors. However, the available literature does not converge toward concrete information about the characteristics of epoxy composites for use in high-voltage (HV) insulation. For example, Singha and Thomas [15] worked on the influence of dispersion of thermally reduced graphene oxide in epoxy composite; well dispersed reduced graphene oxides resulted in enhancements of nearly 11°C in transition temperature and quasistatic fracture toughness was improved by up to 52%. Tensile and dynamic mechanical properties of hybrid epoxy composites of jute and palm were studied by Iyer et al. [16] ; both tensile and dynamic behavior properties were greatly improved in the case of hybrid composite with an oil palm/jute ratio of 1:4. Tanaka [17] studied the mechanical properties of silane-functionalized graphene oxide-based epoxy composites. An increase in storage modulus, glass transition temperature, thermal stability, tensile and flexural properties, and fracture toughness of epoxy/silane-functionalized-graphene oxide composites was recorded. Gardea and Lagoudas [18] reported mechanical and thermal properties of epoxy/expanded graphite nanoplates, they reported increased fracture toughness of up to 60% and an improvement of 36% was recorded for the expanded graphite nanoplate/epoxy composite with 2 wt% loading. Chisholm et al. [19] investigated epoxy/graphite nanocomposites for thermal, permeability, and dielectric properties. Improvement in all properties was recorded over neat epoxy. Zhou et al. [20] analyzed the thermal properties of epoxy/nano-SiC and epoxy/nano-Al 2 O 3 composites. Differential scanning calorimetry was used for analysis. The differential scanning calorimetry curve peak temperature of both composites was reduced by increasing the filler content. The integral procedure decomposition temperature improved from 630°C to 853°C for epoxy/nano-Al 2 O 3 composite and 858°C for epoxy/nano-SiC composite. The char yield at 800°C increased from 14.3% to 26.2% for epoxy/nano-Al 2 O 3 and epoxy/nano-SiC, respectively. Dutta and Tripathy [21] studied epoxy composites filled with carbon nanotubes (CNTs) and spherical particles for toughness and electrical properties. Multi-walled carbon nanotubes (MWCNTs) and spherical particles such as silica were combined for the preparation of epoxy composites, which resulted in a good balance in glass transition temperature, electrical conductivity, stiffness, and strength as well as fracture toughness. Sun et al. [22] , evaluated dielectric properties of epoxy nanocomposites with different concentrations of inorganic fillers, e.g. TiO 2 , ZnO, and Al 2 O 3 . Permittivity and tan delta were increased with increasing concentration of nanoparticles. Conversely, the AC dielectric strength of microcomposite for the same type of particles was higher in comparison to nanocomposites. Meyer et al. [23] also reported the dielectric properties of nanoparticles, microparticles, and nano/microcomposites of epoxy. Contrasting results were obtained from their work in which nanosilica, which is an inorganic oxide filler, was mentioned as a contributor to the loss of dielectric strength in epoxy. Kong et al. [24] explained that the addition of CNTs to epoxy showed a decrease in electrical and thermal resistivity and Tang et al. [25] reported an increase in mechanical properties with the addition of CNT. Jawaid et al. [26] investigated epoxy/SiC composites with nanoand micro-SiC particles in which the nanocomposites were found to have better thermal and mechanical properties in comparison to neat epoxy. The effect of carbon nanofibers on mechanical properties of epoxy was reported by Wan et al. [27] , in which the mechanical properties were significantly improved by the addition of carbon nanofibers.
Epoxy composites have been evaluated for different fillers of both microsizes and nanosizes such as inorganic oxides as well as carbonaceous and metallic fillers [28] [29] [30] [31] [32] [33] [34] [35] [36] . However, for HV and outdoor insulation applications, they must be thoroughly prepared and investigated for thermal, mechanical, and electrical characteristics. Among a wide range of nanofillers and microfillers, inorganic oxides have been proven to be the better choice for use in epoxy insulation. Similar to other inorganic fillers, silica is a frequently recommended filler for outdoor insulation, which is suitable for the improvement not only of the electrical properties in polymers but also of the thermal and mechanical properties after adding optimized concentrations and preparing its nanocomposites and microcomposites. It has high electrical and thermal resistivity along with good mechanical characteristics. Thus, it can help in improvements of the required characteristics of epoxy insulators. The thermal, mechanical, and electrical characteristics of silica-based epoxy nanocomposites and microcomposites have not been studied in detail for electrical applications. Some of the limited studies performed in the past have shown contrasting results. For example, the work by Hu et al. [37] illustrated that with 5% of the fillers in an epoxy nanocomposite, the ac dielectric strengths of layered silicate and TiO 2 fillers are slightly lower than that of unfilled epoxy, whereas with SiO 2 fillers, it is elevated. Imai et al. [38] demonstrated that the ac electric strength in nanocomposites was slightly higher than the base epoxy and significantly higher than microcomposites. In polymeric nanocomposites at 5 wt% loading of nanofillers, the nearest neighbor index value was closer to 1, representing enhanced particle dispersion. Concentrations higher than 5% resulted in more agglomerates and poor dispersion, which may lead to a decrease in certain properties. Therefore, many authors consider the concentration of 5% of nanofillers by weight as an optimum value [39] . The microfiller loading can be as high as 50% wt. However, at very high loading, few properties are increased whereas thermal and electrical properties are compromised [40] . Therefore, up to 20% loading of microfiller is widely considered as the maximum limit [35] . Due to the larger specific area of nanosilica in comparison to microsilica; microsilica is required in higher concentrations in comparison to nanosilica for equivalent polymer/ particle interface area [41] . The materials' organic-inorganic interface plays a vital role in the characteristics of polymer/ inorganic-filler composites [42, 43] .
Keeping in view the importance of epoxy/silica composites for HV insulation, we prepared microcomposites and nanocomposites and analyzed them for mechanical, electrical, and thermal properties.
Materials and preparations

Materials
Epoxy was procured from Lanxess Chemicals, Germany. Nanosilica and microsilica were purchased from Degussa, USA and Wuhan Newreach Chemicals, China, respectively. The other constituents were industrial grade products.
Fabrication of samples
Nanosilica was first dispersed in ethanol solution to avoid sticking among the nanofillers. To obtain a fine dispersion, the solution was kept in an ultrasonic bath for 90 min. After this, silane(3-glycidoxypropyltrimethoxysilane) was added for surface functionalization of the fillers. In the next step, epoxy resin was mixed with the mixture in a high shear mixer with a rotational speed of 3600 rpm for 15 min. The solution was then transferred to an ultrasonic bath. Finally, the ethanol, fillers, and epoxy resin mixture was kept in a vacuum oven at a temperature higher than the boiling point of ethanol. It was kept in the oven for 2 days until all the ethanol had evaporated. The second part of the preparation was executed as follows.
The solution was mixed with the hardener and kept in a mixer with a rotational speed of 7200 rpm for about 20 min. The mixture was then reserved in an ultrasonic bath to prepare the solution for degassing. The solution was then set aside in vacuum at 27 in Hg until the bubbles were completely removed. The mixture was discharged into molds and kept at room temperature for 24 h [44] . Subsequently, the samples were postcured in a hot oven for 3 h. A list of the prepared samples is presented in Table 1 .
Instruments and conditions
Mechanical tests
For the evaluation of tensile properties, the samples were cut into dog bone shapes with dimensions as shown in Figure 1 . Values were measured on three specimens of each type at a low deformation speed of 100 mm/min according to DIN 53504/ASTM D412 standards. Instron (UK) Universal Testing Machine was used for the evaluation of tensile properties. For each formulation, 5-10 samples were tested and average values were reported.
The hardness of each sample was calculated according to DIN 53505/ASTM D2240 standard using Shore-A durometer. Hardness was measured at five different points of each sample and average values were reported.
Thermal tests
For the evaluation of thermal properties, a thermogravimetric analyzer (TGA Q50; TA Instruments, USA) was used. Thermograms were obtained under N 2 atmosphere at a scanning rate of 10°C/min. The tests were performed from 25°C to 600°C.
Electrical tests
Alternating voltage was used for the evaluation of dielectric strength. The voltage was increased from 0 V until the breakdown of samples according to IEC-60243-1 standards. For each sample, a minimum of five values were recorded and average values were reported.
Breakdown tests were carried out on the filled and the unfilled samples to investigate the behavior of the samples containing nanofillers using the setup shown in Figure 2 . Ten measurements were recorded for each sample type. Only small differences were observed in the breakdown values of different samples.
For the calculation of surface and volume resistivity, the ASTM D257/IEC 60093 standard was followed. For 60 s, a 4-in. specimen was placed between two electrodes. A voltage was applied and the resistance was measured. Surface or volume resistivity was calculated using resistance and the dimensions of the sample [45] . 
Results and discussion
Mechanical properties
Significant enhancements in the tensile properties of microcomposites and nanocomposites were recorded. The enhancement was higher in the case of nanocomposites, which may be due to the fine dispersion, high surface area, and abundance of silanol groups of nanosilica. The oxygen atoms on the silica surface resulted in hydrogen bonding in the epoxy, which contributed toward the superior tensile strength in composites. Furthermore, the addition of silica resulted in a reduction of hardness and percentage of elongation. Tensile strength, percentage of elongation and hardness for all samples are given in Figure 3A -C.
For NEP (neat epoxy), tensile strength, elongation, and hardness were 64.2 Mpa, 110% and 54%, respectively. For EPMC (microcomposite), 65.7 Mpa tensile strength was observed and an increase of 3.7% in hardness was recorded. A decrease of 8% in elongation was recorded in EPMC. Similarly, For EPNC (nanocomposite), the tensile strength increased to 69.3 Mpa and hardness increased to 9.2%. Similar to microcomposites, elongation also decreased in nanocomposites by 12%. The decreasing trend in elongation was due to the stiffness of the overall composites imparted by rigid and inflexible silica. The results also showed that even at 75% lower concentration than microsilica, nanosilica greatly amends the mechanical properties of epoxy. The reason for this enhanced effect of nanosilica on polymer matrix is its size, in which it interacts at the nano level with polymer bulk. This interaction also lessens the movement of polymer chains, which results in increased hardness.
Thermal properties
To analyze in detail the thermal stability of each formulation, their individual thermograms were obtained and are given in Figure 4A -C. The loss of weight was faster in case of NEP whereas it was observed that the length of the slope of the weight loss curve increased with the addition of silica. At the end of the experiment at 550°C, the NEP and EPMC lost almost 90% of their weights whereas EPNC lost almost 80%, which shows evidence of improved thermal stability. Table 2 shows percentage of char yield at 550°C and temperatures at 10% weight loss (T 10 ) and 50% weight loss (T 50 ). It has been observed that the EPNC sample was more stable in comparison to other samples and hence gave the highest value of 209°C for a 10% loss in weight. EPMC and NEP showed 10% weight losses at 185°C and 180°C. Similarly, temperatures at 50% weight loss (T 50 ) for EPNC, EPMC, and NEP were 421°C, 410°C, and 392°C, respectively. Not only T 50 and T 10 but the percentage of char yield clearly showed that silica imparts thermal stability in epoxy, which is slightly greater in the case of nanocomposites. The polymer decomposition temperature also increased in the case of both composites. Enhanced thermal stability in composites is due to the very high glass transition temperature of silica. Furthermore, in nanocomposites, high thermally stability in comparison to microsilica is due to the better interaction of nanosilica by having a large polymer/particle interface area [41] .
Electrical properties
The addition of silica contributed to the increase in dielectric strength, which was the highest in the case of nanocomposites. This behavior is credited to the better interaction of nanofillers within the matrix and the increased surface area of the nanofillers, which provides a strong polymer-filler network. For neat epoxy, a dielectric strength of 32 Kv/mm was recorded. An increase of 8% in dielectric strength was observed in the case of microcomposites. The nanocomposite showed a dielectric strength 38.2 kV/mm, which was the highest and almost 1.2 times (19%) greater than neat epoxy. The dielectric strengths of all samples are shown in Figure 5A -C.
Results for surface and volume resistivity are shown in Figure 5 . The EPNC followed the same trend of superior properties. This improvement may be due to the smaller interspacing distance between filler particles and the intactness of the polymer matrix. Furthermore, due to the high resistivity of silica, the overall resistivity of the matrix increased. Surface resistivity of epoxy nanocomposite showed a similar increasing trend. This trend of surface resistivity is shown in Figure 5B . This could be due to the intercalation of nanofillers into the rubber matrix. Because the silica had insulating properties, it also imparted an increasing effect on the surface resistivity of epoxy composites. Furthermore, the same reasons behind the improved characteristics of nanocomposites in comparison to microcomposites, as explained by Nelson and Hu [41] , were also stated in [37] for improved electrical characteristics.
Conclusions
Epoxy/silica nanocomposites and microcomposites were prepared and investigated for thermal, mechanical, and electrical characteristics. The influence of silica was observed in almost all the properties. In TGA, microsilica did not show significant enhancements in the properties 
